Red blood cell distribution width (RDW) indicates the heterogeneity in the size of circulating red blood cells. Increasing studies showed that RDW may be a diagnostic and prognostic marker in various tumors. To investigate the value of RDW as a biomarker in the diagnosis and prognosis of colorectal cancer (CRC), we evaluated 783 newly diagnosed CRC patients, 463 colorectal adenomas (CA) patients, and 331 healthy controls from June 2015 to October 2017 at Fujian Medical University Union Hospital. We found that RDW levels were significantly higher in CRC groups compared with both the CA and healthy control groups (P<0.001). Receiver-operating characteristic (ROC) analysis showed that the area under the ROC curve (AUC) for RDW, CEA, and CA19-9 was 0.643, 0.742, and 0.629 in discriminating CRC patients from healthy controls, respectively. When RDW cut-off value of 13.95 was applied, we distinguished CRC patients from healthy controls with a sensitivity of 41% and a specificity of 94%. Moreover, combined detection of RDW, CEA, and CA19-9 appeared to be a better diagnostic performance with a sensitivity of 56% and a specificity of 99%. However, RDW had little diagnostic value in the differential diagnosis between CRC patients and CA patients. More importantly, RDW levels were significantly associated with TNM stage, pT stage, pM stage, and tumor size among CRC patients. Overall, our study suggested that RDW might be an auxiliary biomarker for diagnosis and prognosis of CRC.
Introduction
Colorectal cancer (CRC) is the third most common cancer and the fourth leading cause of cancer-related deaths for Chinese people [1] . As a result of the aging population and unhealthy lifestyle, CRC is a growing public health problem in China. Although the underlying mechanisms of CRC are not fully understood, mortality from CRC can be reduced with appropriate screening. A number of CRC screening means, such as the fecal occult blood test, stool DNA test, colonoscopy, and computed tomography (CT) test, have been applied for years, but these screening means have lots of limitations, such as low sensitivity, low specificity, and being invasive or of high expense, which restrict their clinical application [2, 3] . Therefore, it is urgently needed to develop simple, inexpensive, and readily available biomarkers for the diagnosis and prognosis of CRC.
Red blood cell distribution width (RDW) is one of the routine laboratory parameters reported in the complete blood count test, and it indicates the heterogeneity in the size of circulating red blood cells [4] . Under normal conditions, the diameter of red blood cells is about 6-8 m; however, in some pathological cases, the diameter of red blood cells will have a variation. Higher RDW values indicate greater variation in the size of red blood cells. For several decades, RDW was easy to obtain with minimally invasive and widely used to make a differential diagnosis of anemia in clinical practices [5] . Recently, increasing studies showed that RDW may be a prognostic marker in various tumors [4] , such as renal cell carcinoma [6] , gastric cancer [7] , lung cancer [8, 9] , ovarian 2 BioMed Research International cancers [10] , esophageal cancer [11] , endometrial cancer [12] , and breast cancer [13] . Besides, several studies have reported that RDW can be considered as a potential diagnostic marker in distinguishing malignant from benign tumors [14, 15] .
To our knowledge, few reports have focused on the value of RDW in the diagnosis and prognosis of CRC. In 2004, Spell et al. firstly reported that RDW was elevated in 50% of colon cancer patients and elevated RDW may help better identify those patients who should be referred for full colonoscopy [15] . In addition, Ay et al. found that the level of RDW is significantly higher in colon cancer patients than in colon polyp patients, and RDW can be used as an early warning biomarker for solid colon tumors [16] . Moreover, two recent studies revealed that RDW is associated with cancer stage and survival in CRC patients [17] [18] [19] . These results suggested that RDW may be useful in predicting prognosis and also help the screening for CRC. However, the patient sample sizes of these studies were all less than 150, and small sample size makes it impossible to fully understand the value of RDW in CRC, indicating that the value of RDW in the diagnosis and prognosis of CRC is needed for further investigation in larger sample sizes.
In this study, we measured the level of RDW in 783 patients with CRC to analyze the value of RDW in the diagnosis of CRC. Furthermore, we evaluated whether RDW may have a potential role as a prognostic biomarker by evaluating the association between RDW and clinicopathologic characteristics in patients with CRC. Our study suggested that RDW has a potential role as a biomarker for the diagnosis and prognosis of CRC. 
Materials and Methods

Analysis of RDW, CEA, and CA19-9 Levels.
Peripheral blood samples were obtained from newly diagnosed patients with CRC. RDW was measured routinely with Beckman Coulter LH 780 hematology analyzer (Beckman Coulter, Brea, CA, USA) according to the manufacturer's instructions. Serum levels of CEA and CA19-9 were measured using a Cobas 6000 Analyzer (Roche Diagnostics, Basel, Switzerland). According to the manufacturer's instructions, the cutoff value for normal CEA is less than 5 ng/mL, and that for normal CA19-9 is less than 37 U/mL.
Statistical Analysis.
Statistical analysis was performed using SPSS version 21.0 software or GraphPad Prism version 5.0. The distribution of the RDW values is abnormal and RDW values are summarized as median with interquartile range (IQR). Between-group differences were tested using the Mann-Whitney U test. The diagnostic value of RDW was estimated by receiver-operating characteristic (ROC) curves. The Youden index was used to determine the optimal cutoff value for RDW to differentiate between CRC patients and healthy controls or CA patients. The relationship between RDW and clinicopathological characteristics was assessed by chi-squared test. All tests were two-tailed and a p value less than 0.05 was considered statistically significant. Figure 1 , the median RDW were 13.3 (IQR: 12.7 -14.6), 13.0 (IQR: 13.0 -14.0), and 12.9 (IQR: 12.6 -13.3) in CRC patients, CA patients, and healthy participants, respectively. The level of RDW was significantly higher in CRC patients than in healthy participants (CRC vs. healthy participants, P < 0.001). However, no significant difference was observed between CRC and CA patients.
Results
The Level of RDW in CRC Patients. As shown in
Evaluation of RDW as a Potential Diagnostic Biomarker for CRC.
We evaluated the value of RDW as a biomarker for the clinical diagnosis of CRC compared with carcinoembryonic antigen (CEA) and carbohydrate antigen 19-9 (CA19-9), which are the most commonly used serum tumor markers in the diagnosis of CRC.
First, we evaluated the value of RDW as a biomarker for the differential diagnosis of CRC patients and healthy participants. As shown in Figure 2 and Table 1 , the area under the ROC curve (AUC) for RDW, CEA, and CA19-9 as parameters in the diagnosis of CRC was 0.643, 0.742, and 0.629, respectively. At the cut-off value of 13.95 for RDW, we distinguished CRC patients from healthy participants with a sensitivity of 41% and a specificity of 94 % (Table 1) . Importantly, the diagnostic performance of CEA and CA19-9 can be improved when RDW, CEA, and CA19-9 were combined for detection ( Table 1 ). As shown in Figure 2 and Table 1 , the AUC for RDW+CEA is 0.789, which was significantly higher than that for RDW+CA19-9 and CEA+CA19-9. Also, the sensitivity of RDW+CEA was significantly higher than that of RDW+CA19-9 and CEA+CA19-9. When three markers are combined, the AUC, the sensitivity, and the specificity of RDW+ CEA+CA19-9 were 0.799, 56%, and 99%, respectively. Next, we also performed a ROC analysis to assess the role of RDW in the differential diagnosis between CRC patients and CA patients. CA is a benign glandular tumor of the colon and the rectum and is a precursor lesion of CRC. As shown in Figure 3 and Table 2 , the AUC for RDW, CEA, and CA19-9 was 0.502, 0.741, and 0.613, respectively, indicating that RDW has a poor diagnostic performance in the differential diagnosis between CRC patients and CA patients. In addition, RDW did not significantly improve the diagnostic performance of CEA and CA19-9 when RDW, CEA, and CA19-9 were combined for detection ( Figure 3 and Table 2 ).
Taken together, these results suggested that combined detection of RDW, CEA, and CA19-9 provides better diagnostic performance in discriminating CRC patients from healthy participants, with higher sensitivity and specificity. However, RDW had little diagnostic value in the differential diagnosis between CRC patients and CA patients.
Association between RDW Levels and Clinicopathological
Characteristics in CRC Patients. As Table 3 shows, RDW levels were significantly associated with TNM stage, pT stages, pM stages, tumor size, and CEA levels. However, no significant association was found between RDW levels and location, age, gender, pN stages, and CA19-9 levels.
Discussion
In the present study, we found that the level of RDW in blood samples from patients with CRC was significantly higher than those in CA patients and healthy controls. RDW had little diagnostic value in the differential diagnosis between CRC patients and CA patients, but RDW improved the diagnostic performance of CEA and CA19-9 in discriminating CRC patients from healthy participants, with higher sensitivity and specificity. Moreover, the level of RDW was significantly associated with tumor stage, pT stages, pM stages, and tumor size. These findings suggested that RDW has a potential function as a biomarker for the diagnosis and prognosis of CRC.
RDW is one of routine laboratory parameters reported in the complete blood count test. Results from recent studies revealed that RDW might not only be a prognostic marker [4, [6] [7] [8] [9] [10] [11] [12] [13] , but also be considered as a potential diagnostic marker in various cancer types [14, 15] . Nevertheless, studies about the association between RDW and CRC are limited [15] [16] [17] [18] [19] , and the value of RDW in CRC is not fully understood. Thus, it is necessary to further investigate the value of RDW in the diagnosis and prognosis of CRC by the larger sample sizes.
In this study, we measured RDW levels in 783 patients with CRC and found that RDW was elevated in patients with CRC, consistent with previous report [18] . ROC analysis suggested that RDW could be a useful marker with a 13.95 cut-off value, 41% sensitivity, and 94% specificity in discriminating CRC patients from healthy participants. CRC is a heterogeneous disease, and it is unlikely that any single marker will have a sufficiently high sensitivity. CEA and CA19-9 have been widely used as tumor markers for the diagnosis and prognosis of CRC. However, the low sensitivity of CEA and CA19-9 limits their clinical use in CRC screening. Our finding showed that combined detection of RDW, CEA, and CA19-9 improved the diagnostic performance of CEA and CA19-9 in discriminating CRC patients from healthy participants. Colorectal adenomas (CA) are precursors of most CRC, and it is difficult to make a differential diagnosis between CRC patients and CA patients. Disappointingly, we found that RDW had little diagnostic value in the differential diagnosis between CRC patients and CA patients; thus further studies are needed to identify a simple, inexpensive, and readily available biomarker for the differential diagnosis of CRC patients and CA patients in the future. TNM stage, which is based on the extent of the tumor (T), the extent of spread to the lymph nodes (N), and the presence of metastasis (M), is the most predictable prognostic factor for CRC. Our results found that the level of RDW was associated with TNM stage and tumor metastasis; these findings are consistent with the report by Yang et al. [18] . Importantly, we also found that the level of RDW was associated with tumor size. Considering the important value of TNM stage, tumor metastasis, and tumor size in predicting clinical outcome of CRC, our finding suggests that RDW is a potential prognostic biomarker for CRC.
The underlying mechanism that could explain our finding has not been elucidated, but several potential mechanisms may be suggested from previous reports. First, earlier reports have revealed that tumor can lead to the inflammation, and inflammation has a positive correlation with RDW [20] [21] [22] . Second, tumor growth can lead to malnutrition, which causes changes in erythropoiesis. Lastly, it is well known that patients with CRC have a tendency for hemorrhage, which reduces iron storages. These reasons all lead to the variation of red blood cell size and the increase of RDW.
Some limitations of this study need to be addressed. First, the short follow-up duration of the study with singlecentered retrospective design might raise bias towards sample selection and analysis. Second, we failed to collect data on overall survival; thus we do not evaluate the relationship of RDW with overall survival in CRC patients. Hence, further prospective multicenter studies are needed to validate the clinical significance of RDW in patients with CRC.
Conclusions
Our study found that the level of RDW was increased in patients with CRC in relatively large sample sizes. Increased RDW not only improved the diagnostic performance of CEA and CA19-9, but also has potential roles as a biomarker for the prognosis of CRC. Considering that RDW is a noninvasive test, and its detection method is economical, fast, and convenient, RDW could be used as an auxiliary biomarker for diagnosis and prognosis of CRC.
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